Algae were simulated for 5 years at low temperature (80°C) in order to study their early hydrocarbon generation processes. The samples were analyzed by gas chromatography-mass spectrometry. The results show that the range of carbon numbers and relative concentrations of alkanes are different under different simulated conditions. Hypersaline condition favors the formation and maturity of saturates. Iron ion probably delays the evolutionary pathways from phytol to phytene to phyane, while may catalyse the release of high concentrations of squalene and bicyclic terpanes. Meanwhile, common aromatic compounds have been formed during this low temperature simulation, and high abundant methyldibenzothiophenes were found in the hypersaline sample. The formation pathways of methylnaphthalenes in the early evolution of algae were proposed tentatively. By mathematical cluster and factor analyses on some classical thermal maturity parameters, the converted relations between phenanthrene and methylphenanthrenes and their inorganic environmental effects were discussed.
INTRODUCTION
Massive phytoplankton and bacteria in nature are important sources of petroleum and natural gas in sedimentary rocks. They are responsible for 50% to 60% of the world organic carbon production [1] . Many thermal simulation experiments concerning with algae have been carried out in past three decades, which proved the hydrocarbon generation of algae, revealed the evolution process of algal organic matter in the geosphere and obtain many valuable novel findings [2] [3] [4] [5] [6] . These experiments are based on the hypothesis that heating at high temperature can result in the similar changes of organic matter caused by the time-consuming geochemical evolution. Most of them were conducted at high temperature (200°C to 600°C) and for short duration (several hours to days), which probably induce some side reactions because of an excessive supply of energy. In addition, they seldom take the biochemical interactions and many inorganic factors in low temperature into consideration, which have been proved to play a critical role in the hydrocarbon generation of algae. For example, inorganic constituents such as silicate clays, carbonates, and sulfides [7] , biochemical activities of bacteria and oxic and anoxic conditions [8, 9] can affect the hydrocarbon generation of algae. Thus, this paper intends to study the early hydrocarbon generation of algae over a long period (5 years) simulated experiment at low temperature (80°C), which much approaches the actual state of natural evolution, and investigates the influences of several typical inorganic environments on it.
So far, the whole simulation has run continuously for five years. Prior to this paper, some important discoveries have been made: immature oil generation can occur within a short time after sedimentation and is obviously influenced by inorganic matter such as metal, gypsum (calcium sulphate) and salt (sodium chloride) [10] . The present paper will elaborate the characteristics of saturate and aromatic hydrocarbons in algae during the early evolution in the subsequent simulation, and discuss the significant effects of inorganic environments on the hydrocarbon generation. These results may contribute to the exploration of algal hydrocarbon generation and related applied research.
MATERIALS AND METHODS 2.1. Samples and sample preparation
Spirulina Platensis (Cyanophyta, Oscilatoriaceae) powders, which were brought from DaZhen Biotechnology Company in Dongying city, Shandong province, China, were put into a series of wide mouthed bottles. There was a quartzose sand sheet in the bottom of each bottle, then the algae and inorganic matter including kaoline, gypsum, salt or metals were mixed and placed on the top of the sand. To cover the mixed materials another quartzose sand sheet was placed on the top. These bottles were put into an oven whose temperature was controlled at 80°C. (Fig. 1 ).
Figure 1. Simulation equipment (A) simulation oven and (B) samples in the oven
During several years' simulation experiment since April 1, 2003 , at least 2 cm of pure water was constantly kept on the top of the samples, which may make the experiment more actual and prevent the evaporation of organic matter. Each sample has a unique condition as shown in Table 1 . For more information about the samples, please refer to the former report [10] . In the experiments of simulation and geochemical analysis, all the solvents (analytically grade) had been redistilled and their purity is guaranteed by GC testing; The reaction and analysis system (bottles, containers, solid reagents, inorganic components, etc.) had been pre-extracted by using solvent, and then heated at high temperature to eliminate possible organic contamination.
Extraction and separation
After the simulation had continued for approximately five years, a part of the samples were taken out from the bottles on March 1, 2008 for the organic geochemical analyses. The samples were Soxhlet-extracted for 36 hours using chloroform as solvent, and removal of elemental sulfur was achieved by the addition of copper foils to the flask during extraction. The extracts were filtered and concentrated by use of a rotary evaporator and the yields were determined gravimetrically after removal of the solvent. The extracts were separated by chromatography column over pre-washed silica gel into saturate, aromatic and polar fractions, which were eluted with hexane, dichloromethane and methane, respectively. For comparison, the fresh Spirulina Platensis (sample B 0 ) was washed and dried at 37°C, then the same extraction and separation procedure was followed.
Gas Chromatography-Mass Spectrometry
GC-MS analyses of the saturate fractions were performed on a Hewlett-Packard model 6890 GC coupled to a Hewlett-Packard model 5973 quadrupole MSD. Separation was achieved on a fused silica capillary column coated with DB5 (30 m×0.25 mm i.d., 0.25µm film thickness). The GC operating conditions were as follows: temperature hold at 60°C for 5 min, increase from 60 to 300°C at a rate of 4 min -1 with final isothermal hold at 300°C for 15 min. Helium was used as carrier gas. The sample was injected at split ratio 30:1 with the injector temperature at 290°C. The mass spectrometer was operated in the electron impact mode at 70 eV ionization energy and scanned from 50 to 650Da. Data were acquired and processed with the Chemstation software. Individual compounds were identified by comparison of mass spectra with literature and library data, and interpretation of mass spectrometric fragmentation patterns.
RESULTS AND DISCUSSION

Composition of the extracts
Total extract yields are related to the algae contents in simulated samples. For examples, the yield of sample B 2 , into which 100g algae were put, is the highest (0.86%), while that of sample B 6 , into which 20g algae were added, is the lowest (0.08%). Extract outputs are also affected by different conditions: B 3 and B 10 have higher yields than other samples, into which the same amount of algae (100g and 50g respectively) were put. The reason is probably that the iron ion and high salinity are propitious to the early generation and expulsion of hydrocarbons, which will be explained in the following text. From Table 2 , compared with fresh sample B 0 , the relative content of saturate fraction in the total extracts of simulated samples increases, and that of polar fraction of most simulated samples except B 10 decreases. It shows that under most simulated conditions, the saturate compounds have developed during the simulation, while the organic matter of algae may mainly undergo a polymerization to form polar and asphaltene compounds, since the relative concentrations of polar and asphaltene fractions in most simulated samples are still quite high. Remarkably, the compositions of extracts are different under different conditions ( Table 2) . Compared with sample B 2 , the total hydrocarbons (the sum of saturate and aromatic hydrocarbons) in other samples except B 10 are lower than those in B 2 . However, in sample B 10 , the relative high content of total hydrocarbons reaches 13.59% and the concentration of asphaltene is much lower than that of the polar. It probably indicates that in high briny environments, the organic matter tends to form polar compounds, which has less polymerization than asphaltene compounds, and hydrocarbons can be easily converted and expulsed from the polymerized organic fraction. It is consistent with the fact that salt lake facies and brackish water facies are favorable to the formation of immature oils [11] .
Characteristics of saturate fraction and affects of inorganic environments
The saturate and aromatic fractions from the samples were submitted to instrumental analyses. Figure 2 . It can be observed that the algal hydrocarbon distributions are different in different sample conditions. This manifests that the early evolution of algal organic matter is affected by the sedimentary environments.
N-Alkanes and long chain alkylcyclohexanes
N-Alkanes are main components in the saturate fraction in simulated algae samples (Table 3) . They have similar distributions: C 17 n-alkane dominates the alkanes; C 16 and C 15 n-alkanes are the minor compounds; and few alkenes are found in some samples. This results from the original biochemical compositions of Spirulina [12] . Despite the similar distributions of the n-alkanes in all algae samples, the range of carbon numbers and relative concentrations of n-alkanes vary under different simulated conditions ( Table 3 ). The alkane carbon numbers of samples B 3 , B 4 , B 5 , B 6 and B 10 extend and the percentage of dominant C 17 n-alkane reduces with the development of other alkanes. Particularly in sample B 10 , the percentage of C 17 nalkane reduces to 68.93%. Meanwhile its odd carbon preference decreases and the isoprenoids (phytane and pristane) are found ( Fig. 2 ). According to the report, nalkanes synthesized or degraded by bacteria have no odd over even predominance, and can reduce odd carbon preference of n-alkane from other organic matter in early diagenesis. Only if the temperature is beyond 60-80°C, can the reduction of OEP be replaced by thermodynamic process [13] . In addition, the TIC curve of sample B10 has an apparent bump ( Fig. 2.) , which shows the high activity of bacteria [14] . Thus, this may indicate that the hypersaline environment (the salt concentration is approximately 100g/L in this sample) is propitious to the generation and maturity of alkanes, and to the cultivation of some halophilic bacteria. It can be concluded that the hydrocarbon formation and the biochemical conversion of bacteria under high salinity decrease the alkane dominance from algae. At the same time, in samples such as B 10 and B 5 , long chain alklcycloheane series were detected. The carbon numbers of their alklcycloheanes range from C 16 to C 23 . Their diagram of distribution is smooth with C 20 or C 21 as the maximum peak in mass chromatograms (m/z 82), and lacks a dominance of odd or even homologs ( Fig. 3 ). According to related research, the possible originations of long chain alkylcyclohexanes discovered in crude oils, sediments and coal, could be from terrestrial plant, algal and bacterial input [15] [16] [17] . In these samples, long chain alkylcyclohexanes were detected and their TIC curves have a bump (Fig. 2.) , while in other samples, long chain alkylcyclohexanes and a bump didn't appear. Thus, the long chain alkylcyclohexanes more likely came from bacteria through the cyclisation and decarboxylation of long chain fatty acids or through the instant decarboxylation of cyclohexyl fatty acids [18] .
Phytenes and squalene
Phytene analogs have been found in pyrolysates of algae such as Nostoc muscorum, Coccolithus neohelis and pelagicus, and Synechocystis sp. The main difference of those monounsaturated phytenes lies in the position of double bond, although the exact position has not been established [19] [20] [21] . Two phytene isomers (phytene I and phytene II, C 20 H 40 , Fig. 2 and Fig. 4 ) having very similar mass fragments are identified in samples B 2 , B 9 and B 10 , into which no iron ion is added, but they are not detected in other samples. These two phytenes should be the dehydroxylation products from phytol under low temperature and can change into phytane through reduction in further evolution. Therefore, although phytene has been advised as an important biomarker for the low stage of algal evolution [21] , the use of it should take its surrounding inorganic constituents into consideration, for the transition metal ions including iron ion in the sedimentary environment may influence the formation of phytene. Because no phytane is detected in algae samples except B 10 , whose phytane and pristane should originate from bacteria instead of chlorophyll in algae, it is inferred that some transition metal ions such as iron ion can prohibit the alterative pathways from phytol to phytene to phytane in the early evolution of algae. It is interesting that abundant squalene was encountered in sample B 3 into which only one kind of metal ion-iron ion-was added (C 30 H 50 , Fig. 2 and Fig. 4 ), and it is the main component in the TIC whose percentage reaches 57.53%. Squalene, containing two farnesyl residues linked tail-to-tail, is the most common acyclic triterpenoid molecule in all life forms. It is ubiquitous in sediments because it is the starting material for all polycyclic triterpenes and sterol [14] . Squalene has been isolated from asphaltenes in petroleum [22] , and high concentrations of squalenes have been detected in halophilic bacteria Halobacterium cutirubrum and Methanohalophilus GN1 [23, 24] . Squalene's saturated analog squalane has been used as a biomarker for archaebacteria and hypersaline depositional environments [25] . The discovery of it has been suggested to indicate occurrences of biological methane synthesizing and bacteria's participation, and may show the possibility of generation of oil, gas and gas hydrate [26] . However, in this simulated experiment, compared with conditions of other samples, the squalene with high concentration in sample B 3 should result from the catalysis of iron ion. Samman et al. [22] contended that at the time of asphaltene formation, squalene was present in the whole oil, but only those molecules incorporated into the asphaltene micelle survived. The release of the major portion of the squalene requires heating of the asphaltene (about 300°C for 2 to 72 hours in their work). Thus it is inferred tentatively that under low temperature, the catalysis of iron ion reduced the fission activation energy of chemical bond of the squalene linking to the asphaltene, and liberated a great amount of free squalene. In addition, as a common Lewis acid, the catalysis and release function of iron salt on small organic molecules was also found when analyzing the aromatic fraction of sample B 3 (see section 3.3). In other simulated samples which also contain iron ions, only low concentrations of squalenes were found in B 4 and B 5 , and no squalenes are detected in B 6 , B 7 , B 8 and B 11 . Therefore it is concluded that gypsum and heavy metal ions such as copper and lead ions may prohibit this catalysis process of iron ion. Moreover, low content cholesterol is identified by its mass spectrum in sample B 3 , which may come from the high amount of cholesterol in polar fraction through a slight dissolution in hexane, and this may manifest a relation between cholesterol and squalene, for the former appears to be derived from the latter under aerobic conditions [14] .
Characteristics of aromatic fraction
According to Table 2 , the aromatic compounds occupy minimum percentages in the extracts of algae in the early evolution stage, and in the aromatic fractions of a few simulated samples, some C 17 n-alkanes, whose absolute contents are high in the saturates, remain due to carry-over effect, and the amounts of real aromatic compounds are lower. A similar phenomenon was also observed in other thermal simulation experiments of algae because of their low mature degree [27] . But in the most simulated samples, as shown in Table 4 and Figure 5 , the different effects of inorganic environments on the developments of aromatic hydrocarbons are apparent.
In sample B 0 , no common aromatic hydrocarbons were detected, but in all simulated algal samples, common aromatic compounds were found widely. Polycyclic aromatic hydrocarbons (PAHs) are produced by diagenesis and not by biosynthesis. Individual PAHs are created by one of three processes: early diagenesis from biogenic precursors, later diagenesis over long periods of geological time, and high-temperature processes which reconstitute organic matter fragments into characteristic PAH distributions [28] . Obviously, in this simulation at low temperature, the aromatic 4) The overlap peaks of 3-MP and 1-MDBT were divided by using the guass multi-peak fitting method before calculations.
compounds mainly derive from their biogenic precursors. It was suggested that in the source rocks whose main organic matter inputs were from phytoplankton, aromatic compounds originated from the aromatization of all kinds of chain and cyclic alcohols, ketones, carboxylic acids and esters during their diagenesis. The above biogenic precursors are different from those of land vascular plants [29] . Table 4 .
Naphthalene and alkylnaphthalenes are among the frequently studied aromatic compounds. It is generally believed that resins distributing widely in higher plants can produce tetrahydronaphthalene, cadalene and their derivatives; pentacyclic triterpenes can crack into naphthalene and alkyl naphthalenes when they mature thermally. In the research of Coccolithus, naphthalene and its derivatives were regarded as alteration products from some precursor molecules having cyclic diterpenoid skeleton [27] . In this experiment, methylnaphthalenes were found in the aromatic fractions of most simulated samples except B 9 . Besides, an evolutionary intermediate named 1,1,6trimethyl-1,2-dihydronathalene (TMDHN, Fig. 6 ) was identified in five algae samples, and it may be used as a new biomarker to indicate a low evolutionary level of algae. In addition, three abundant isomers with molecular weight of 278 were found in sample B 3 . Series of similar compounds with mass spectra provided were once observed in the study on Botryococcus braunii [30] . Through comparing with their mass fragments, we can infer that these three organic molecules are C 20 bicyclic terpanes with the same frame as Labdane diterpenoids.
Figure 6. Mass chromatogram of methylnaphthalenes and mass spectrum of trimethydihydronathelene
The presence of these saturate terpane isomers in aromatic fraction is probably caused by a successive process: the related polar organic molecules were released from asphaltene under the catalysis of iron ion during the simulation, then dissociated as part of the polar molecules into the aromatic fraction by the adsorptive heating of the eluent dichloromethane during the separation. Based on above facts, it ( Fig. 8) can be proposed that the formation of naphthalene and methylnaphthalenes in the early evolution of algae is a process consisting of defunctionalization, dealkylation (including alkyl rearrangement) and aromatization. In this process, the activities of bacteria and inorganic environments may play an important role. More detailed results would be obtained after further research on polar compounds of simulated samples.
Phenanthrene and methylphenanthrenes are found in all simulated samples ( Fig. 9 ). Steroids and terpenoids have been proposed as biogenic precursors for the phenanthrenes found in petroleum and sediments. For instance, PHAs having phenanthrene skeleton in terrestrial source rocks may originate from all kinds of abietic acids and abietadienes in resins [31] . In this simulation experiment, because the evolutionary stage of algae is low and both steroids and terpenoids in saturate fraction are absent, it can be presumed that polar precursors with similar structure of phenanthrene exist in Spirulina Platensis, and underwent approximate alterative pathways like naphthalenes in the early algal evolution. Five isomers of methylphenanthrene are 3-MP, 2-MP, 9-MP, 1-MP and 4-MP. And 4-MP can be ignored in research because it has not been found in petroleum and significant amounts of this isomer seem not to occur in nature [32] . Radke et al. [32] proposed some ratios as indicators of thermal maturity based on the distribution of phenanthrene and mono-methylphenanthrenes, such as the most frequently used Methylphenanthrene Indices MPI 1 and MPI 2. Those ratios (equations refer to notes of Table 5 ) express a negative correlation between phenanthrene and monomethylphenanthrenes. Later however, Kvalheim et al. [33] questioned the use of the above ratios and introduced new parameters named Methylphenanthrene Distribution Fractions F 1 and F 2 (equations refer to notes below Table 5 ) to determine the maturity of organic matter in coals. The parameters reveal that coal maturity only correlates with the distribution of mono-methylphenanthrenes and not with phenanthrene. Although these two types of maturity parameters are mainly applied to measure the maturity of organic matter in coals and source rocks covering the maturity range normally associated with the "oil window" (vitrinite reflectance from 0.5-1.2% R 0 ), they are used in this study with the aim to elaborate the early evolution of phenanthrenes and their inorganic influential factors by adopting mathematical cluster and factor analysis [34] . , , , ,
Ref. [33]
From a thermodynamic angle, the values of the same kinds of maturity parameters of all simulated algae should be close because they have been simulated for equal time span under the same temperature. However, in this experiment it can be easily observed that the disparity among most parameters is obvious under the different inorganic environments. It indicates that inorganic environments may affect the early evolution of phenanthrenes. From Table 6 , the samples can be divided into several groups during the cluster analysis: B 10 into which salt was added is the first group; B 2 into which no extra inorganic constituents were added is the second group; B 3 into which only iron ion was added is the third group; and in the rest samples, B 7 and B 11 , B 8 and B 9 , B 4 , B 5 and B 6 , may be allocated into the different groups subsequently. It seems that these group divisions are basically in accordance with the actual conditions of samples. X X X X X X X X X X X X X X X X X X X 2 X X X X X X X X X X X X X X X X X X 3 X X X X X X X X X X X X X X X X X 4 X X X X X X X X X X X X X X X X 5 X X X X X X X X X X X X X X X 6 X X X X X X X X X X X X X X 7 X X X X X X X X X X X X X 8 X X X X X X X X X X X X 9 X X X X X X X X X X X
The factor analysis indicates that three principal components C 1 , C 2 and C 3 have covered 97.539% information of samples (Table 7) , with their Rotation Sum of Squared Loadings of Variance declining sequentially. Considering the concentrations
. ( ) of phenanthrenes and the conditions of samples, their meanings are interpreted tentatively as follows: C 1 is the important component whose loadings of variance is 40.835%, and the positive parameters, according to their factor loading matrix, are MPI1, MPR2, MPI2, MPR1, MPR3 and MPR9 respectively. The common feature of the above parameters lies in the negative correlation between phenanthrene and monomethylphenanthrenes, thus we presume that C 1 displays the converted relations between phenanthrene and mono-methylphenanthrenes and the effects of different inorganic environments on the conversions. For example, in samples B 2 , B 3 and B 10 , the values of these parameters are relative high, so a conclusion is drawn that iron ion and hypersaline environment probably delay the demethylation from methylphenanthrenes to phenanthrene, or promote the methylation from phenanthrene to methylphenanthrenes. While in samples B 11 , B 7 and B 6 , the values are low, which should be caused by the formation of metallic sulfides through bacterial sulfate reduction (BSR) during simulation (the details of their formation will be discussed in anther paper), for research has shown that the formation of metallic sulfides such as copper sulfides can deplete alkyl side chains of alkylated phenanthrenes preferentially and result in a decrease of Methylphenanthrene Index values [35] . In brief, these results illustrate that in the early evolution of algae, phenanthrene and methylphenanthrenes have a genetic relation, but it is influenced by their inorganic environments. Positive loading parameters in C 2 are F 1 and, R 1 and apparent negative ones are MPR9 and MPR1. Therefore, C 2 can show the converted relations between 3-MP, 2-MP and 9-MP, 1-MP. Specifically, with the thermal maturing of organic matter, inevitable methyl rearrangement of mono-methylphenanthrenes leads to an increase in relative amounts of 3-MP and 2-MP in comparison to 9-MP and 1-MP because the rearrangement favors the thermodynamically more stable 2-and 3-positions [32] . According to Table 5 , in most simulated samples except B 10 , the respective values of R 1 and F 1 of are roughly equal. This indicates that the environmental influences on these parameters are limited. Thus, they are more suitable to be used as maturity parameters in this study and other similar cases. However, in sample B 10 , compared with other samples, the values of R 1 and F 1 are lower and those of MPR9 and MPR1 are higher. This is caused by the peculiar hindering of hypersaline environment on methyl rearrangement. In addition, in sample B 10 , high concentrations of methyldibenzothiophenes are found (Fig. 9) , and this is one of the hydrocarbon generation characteristics of organic matter under hypersaline condition. Thus, it can be concluded that high salinity favors the development of methyldibenzothiophenes but is adverse to the maturity of methylphenanthrenes, which supports the previous reports [34, 36] .
The interpretations of C 3 are similar as those of C 2 , for the positive loading parameters F 2 and R 2 in C 3 can be regarded as part of F 1 and R 1 in C 2 . For example, the values of F 2 and R 2 in many samples such as B 3 , B 7 and B 8 are close, but the effects of environments on them are more apparent than those on F 1 and R 1 .
Besides, fluorene and dibenzofuran whose molecular structures are similar as dibenzothiophene were detected in most simulated samples. In the samples except B 10 , fluoranthene and pyrene were widely observed, especially in B 9 into which only gypsum was added, their relative concentrations were high. This indicates that the two aromatic hydrocarbons may generate in early evolution under low temperature, and gypsum may favor their developments, although they have been regarded as products under high temperature conditions such as coal combustion [28] . In samples into which gypsum or salt was put such as B 7 , B 9 and B 10 , cyclic octaatomic sulfur (S 8 , molecular weight 256, base peak 64) was identified. This manifests the occurrence of the anoxic oxidation of methane and the reduction of sulfates [26] .
CONCLUSIONS
Long period simulation experiment at low temperature can provide more exact information about the early evolution of organic matter. The results of this experiment show that algal organic matter can evolute into saturate and aromatic hydrocarbons rapidly during years after sedimentation, which hasn't been reported in geochemical literatures. In the saturate fraction, C 17 n-alkane was found to be the major component in most algae samples, and the range of carbon numbers and relative concentrations of alkanes differ under different simulated conditions; besides, two phytene isomers and squalene were detected in several samples. In the aromatic fraction, common aromatic compounds have been formed. For example, the methylnaphthalenes, phenanthrene and methylphenanthrenes, fluorene, dibenzofuran and dibenzothiophene, fluoranthene and pyrene, were found in many samples, and high abundant methyldibenzothiophenes were found in sample B 10 . According to the intermediates trimethyldihydronathalene and C 20 bicyclic terpanes identified in aromatic fractions, the possible formation pathways of methylnaphthalenes in the early evolution of Spirulina Platensis were proposed. Finally, the converted relations between phenanthrene and methylphenanthrenes and their inorganic effects were discussed by using cluster and factor analysis.
In addition, the results of the simulation experiment reveal that the sedimentary environments can affect the early evolution of organic matter of algae significantly. Hypersaline condition is propitious to the formation and maturity of saturates, and has a characteristic of high concentrations of methyldibenzothiophenes in aromatics. Iron ion may delay the evolutionary processes from phytol to phytene to phytane and from methylphenanthrenes to phenanthrene through demethylation, and the latter process gives rise to the increase of the values of parameters PMI and PMR, which indicate a negative correlation between phenanthrene and mono-methylphenanthrenes. However, copper and lead ions probably reduce the values of them. At the same time, iron ion may catalyze the release of abundant small organic molecules including squalene and bicyclic terpanes from their polar precursors. However, this process is prohibited by gypsum or heavy metal ions such as copper and lead ions. Compared those parameters in different environments, it can be drawn that R and F, having no relations to phenanthrene, seem to be more suitable as thermal maturity ratios in a larger thermal mature coverage.
